Anecdotal historical evidence suggests that tuberculosis was uncommon at high altitude, but whether transmission is affected by high altitude is not known. To test whether high altitude lowers infection by Mycobacterium tuberculosis, the prevalence of tuberculin skin test (TST) positivity was compared between two high altitude villages (3,340 meters [10,960 feet] and 3,500 meters [11,480 feet]) and three sea-level sites in Peru. High altitude villages had lower TST-positive prevalence rates (5.7% and 6.8%) than sea level areas (25−33%), and the difference remained significant (odds ratio ‫ס‬ 4.5−6.0) after adjusting for age, education, bacille Calmette-Guérin vaccination, and contact with tuberculosis patients. The TST-positive individuals clustered within highland families more than within sea level families. These data suggest that prevention and control efforts targeted to families may be more effective at high altitude. The mechanism by which TST-positivity prevalence is decreased at high altitude is unknown, but may reflect relative hypoxia, low humidity, or an increased ultraviolet effect.
INTRODUCTION
Peru is highly endemic for tuberculosis. There is an overall estimated incidence of 228 cases of tuberculosis for every 100,000 inhabitants, 1 despite relatively low rates of infection with human immunodeficiency virus (HIV) (0.35%, with the vast majority of cases occurring among homosexual men and in cities). 2 The geography of Peru is highly varied, ranging from high altitude sierra, to Amazonian basin jungle, to coastal desert, with gradations of intervening climatic zones. To date, little is known about whether these environmental differences affect the epidemiology of tuberculosis transmission.
There are two general mechanisms that might affect tuberculosis transmission at high altitude. These are 1) decreased viability of the organism due to, for example, lower humidity or more intense ultraviolet (UV) light exposure, and 2) decreasing susceptibility of humans to develop the disease, for example, because of reactive hypoxia, or genetic factors fixed within the particular population located at high altitude that allow for enhanced survival or its morbidity. It is doubtful whether the genetics of high altitude populations has a significant effect on the clinical manifestations of tuberculosis since when such individuals migrate to places such as Lima, they develop similar rates of tuberculosis as the local population. Anecdotal accounts including Thomas Mann's The Magic Mountain and medical texts have described the preventive effect of acquiring active disease, citing the relative health of American trappers and explorers who found sanctuary in the Rocky Mountains or Pike's Peak or Peruvian Andes villagers. 3−5 Recent, more recent epidemiologic studies of tuberculosis disease rates in Africa have suggested that high altitude is associated with protection against symptomatic disease. In South Africa, the prevalence of sputum smear-positive tuberculosis was found to be approximately two times higher in low altitude villages than in high altitude villages. 6 In Kenya (1988−1990) at altitudes of 1,000 meters (3,300 feet) or more, notification rates of tuberculosis were less than 30% of the rates in districts below 500 meters. 7 Experimental studies of guinea pigs and rabbits showed that when these highly susceptible animals were infected with Mycobacterium tuberculosis, they survive longer when housed in lower oxygen tension than did controls. 8 Population-based studies examining the effect of high altitude on M. tuberculosis infection are limited. A study in India published in 1951 found a 2−5-fold increase in tuberculin skin test (TST) positivity associated with living at a lower altitude (< 1,000 meters versus > 1,000 meters). 9 The conclusions that can be drawn from this older study are limited because there was no control for potentially confounding variables such as contact with patients with active tuberculosis, age, and number of bacille Calmette-Guérin (BCG) vaccinations. In this study, we examined more closely the hypothesis that high altitude in Peru is associated with a lower prevalence of infection with M. tuberculosis, as assessed by the TST. Infection rates and clustering of tuberculosis infection were examined in two Peruvian highland villages using TST and compared with those of three communities at sea level: a shanty town located at the periphery of Lima, and two Amazonian jungle basin villages near Iquitos.
MATERIALS AND METHODS
This study was reviewed and approved by the ethical review boards of Asociación Benéfica PRISMA (Lima, Peru) and the Johns Hopkins Bloomberg School of Public Health (Baltimore, MD). The study was prompted by data obtained from a study surveying TST-positive prevalence in Vichaycocha ( Figure 1 ), which showed an unexpectedly low (5%) TSTpositive prevalence at an altitude of 3,500 meters. To confirm these findings, we conducted a follow-up study at another high altitude village, Quilcas, testing for both TST-positive prevalence and household clustering. As a case-control study, we compared positive prevalence and household clustering in three sites situated at sea level: Pampas, Buen Pastor, and San Carlos. The populations tested were mestizos, who are de-scendants of immigrants, mainly Spanish, and Native Americans.
Site descriptions. The sites in the Amazon basin (Buen Pastor and San Carlos) are characterized by perennial, warm temperatures and higher humidities than found at sea level in Lima, or in the highlands (Table 1) . Annual precipitation in Lima is negligible, while the Amazon jungle and the highlands receive higher levels (76−290 cm). All areas under study except Pampas are defined as rural according to the last national census (1993) . The rate of HIV infection in the rural area is extremely low and in the Pampas is less than 1% (Gilman RH, unpublished data). The fieldwork in all five sites was carried out between July 1997 and August 2000.
High altitude sites. Vichaycocha. Vichaycocha (population ‫ס‬ 517, altitude ‫ס‬ 3,500 meters) is a rural village in the central Peruvian Andes situated 150 km northeast of the capital city of Lima. The main sources of employment are agriculture and animal husbandry. Village inhabitants live in adobe houses that are closely grouped in a ravine, with dirt floors and piped river water. Because of cold weather, houses have small windows and are poorly ventilated.
Quilcas. The agricultural village of Quilcas (population ‫ס‬ 1,278, altitude ‫ס‬ 3,330 meters) is located one hour outside the urban center of Huancayo (population ‫ס‬ 327,000, altitude ‫ס‬ 3,249 meters) in the central Peruvian Andes. Housing is similar to that of Vichaycocha.
Sea level sites. Pampas. This Lima, sea level, peri-urban shantytown has a population of approximately 40,000 individuals, of whom 25% are stably employed. It is located close to the Pacific Ocean and has a desert climate. Households are built next to each other and made of woven thatch walls with roofs of plastic coverings, usually containing one or two bedrooms. Similar to those in the highlands, many homes lack windows and are therefore poorly ventilated. 10 In the past five years, piped water has become available for most houses in this area. Buen Pastor. Buen Pastor is an Amazon jungle village located on a side road that comes off the main airport road 22 km from Iquitos, the urban center of the Amazon (population ‫ס‬ 367,000), and Nauta. It has a population of 270 individuals living in 50 households. It is located on a dirt road impassable to vehicles during the rainy season. The inhabitants work primarily in agriculture, fishing, and animal husbandry. Houses are spaced apart from each other and are well ventilated. They are generally made of wood, and some are without walls, with palm leaf roofs usually open at the top.
San Carlos. San Carlos is a small village located on the shores of the Itaya River, about five kilometers from Buen Pastor, with a population of 176 people living in 31 households. In most respects, San Carlos is similar to Buen Pastor, except access is only by boat or foot.
Quilcas, a high altitude village and jungle sites (Buen Pastor and San Carlos) are similar in being located 20−30 km from major cities. Traffic into both sites is limited. In both sites, much of the population needs to walk a mile or so to get to a road passable by a vehicle.
Sample selection and coverage. Vichaycocha. The TST was performed on 370 people received from attendees at the local health post from 1997 to 1998. Although this sample was obtained from a health post, overall coverage was 72% of the population.
Quilcas. One hundred families were selected at random from a sampling universe of 204 households. Among the 100 selected families, there was a population of 677, of whom 67% were tested.
Pampas. Within 397 families randomly selected from a census of 1,649 families living in the most recent and poorest part of the shantytown, there were 1250 (68%) individuals who agreed to participate in the study.
Buen Pastor. A total of 188 (70%) of 270 village inhabitants participated in the study.
San Carlos. A total of 149 (85%) of 176 village inhabitants participated in the study.
Field operations. Written informed consent was obtained from all adult participants and from the parents or guardians of children. Subjects at each site were surveyed with structured questionnaires regarding recent (within the past five years) exposure to active tuberculosis cases and general conditions of health. As mentioned earlier, the data at Vichaycocha were collected at the local health post. At all other sites, the studies were designed as community-based evaluations of TST-positivity. Because of the different population sizes at the sites, the studies at Pampas and Quilcas were designed to estimate the prevalence of TST positivity, whereas in Buen Pastor and San Carlos we sought to sample the entire population. Questionnaires used in Vichaycocha data collection queried individuals, whereas surveys conducted in the other sites evaluated entire households.
Trained field workers performed a skin test using a 0.1-mL dose of five tuberculin units (Tubersol; Connaught Laboratories, Inc., North York, Ontario, Canada) on the volar surface of the left arm. Tuberculin vials (1 mL) were kept refrigerated and carried in a cooler box with ice packs before use. Induration produced by injections was measured 48−72 hours following administration using the pen method in the long axis and the transverse plane of the forearm. 11 Induration greater than or equal to a mean of 10 mm was considered positive, according to American Thoracic Society recommen-dations for persons born in countries with high prevalence of tuberculosis, groups with poor access to health care, 12 and the Peruvian Ministry of Health. 13 All fieldworkers and medical personnel underwent standardized training for applying and reading the TST. Patients testing positive were evaluated for evidence of active tuberculosis and if suspected a chest radiograph and a sputum smear were obtained as clinically indicated. Children less than 15 years old with recent contact with an active tuberculosis case were referred to the national tuberculosis control program for prophylaxis with isoniazid. Neither M. avium complex nor M. kansasi has been isolated from HIV or non-HIV patients in our laboratory in Peru (Gilman RH, unpublished data).
Statistical analysis. Differences in continuous variables such as rooms per household, people per household, and body mass index among study sites were evaluated using one-way analysis of variance applying Bonferroni's adjustment for multiple comparisons. Chi-square tests or Fisher's exact corrections were used to identify differences in categorical variables (sex, age groups, educational level, BCG vaccination status, cough, contact with tuberculosis patients, and presence of another TST-positive subject in the household).
Risk factors for and clustering in TST positivity were evaluated using a separated random effects logistic regression model 14 for each study site, defining the household as the group variable. Only data from Quilcas, Pampas, Buen Pastor, and San Carlos was analyzed using these models. Data from Vichaycocha was not included in the family cluster analysis because data on the covariates analyzed were lacking and the survey did not include all family members. The proportion of variance attributed to clustering effects in TST positivity was used to describe the amount of aggregation existing in tuberculosis infection within household units. A likelihood ratio test was used to assess whether this proportion was statistically different from zero. Additionally, the increase in risk attributed to clustering effects was assessed by adding a variable to the model representing the presence of an additional TST-positive person in the household and estimating its odds ratio (OR). Similar random effect models were fitted comparing the clustering OR between study sites.
Wald tests 15 were used to evaluate the association of different covariates with TST positivity. One additional model combining all four sites (Quilcas, Pampas, Buen Pastor, and San Carlos) was fitted to compare the risk for TST positivity between Quilcas and each of the three sea level sites adjusting for covariates found to be statistically significant in the univariate analysis at the site level.
Differences in TST reactivity were further analyzed for the TST reaction size as a continuous variable using maximumlikelihood random effects linear regression models. 16 A model combining data from all sites was fitted to assess the difference in reaction size between Quilcas and each of the sea level sites. All analyses were performed using Stata 7.0 (Stata Corporation, College Station, TX) and all confidence levels were set to 95%.
RESULTS

Distribution of demographic characteristics and risk factors.
The population studied in Vichaycocha was significantly older than that of Quilcas, Pampas and San Carlos (P < 0.001, P < 0.001, and P ‫ס‬ 0.025 respectively; Table 1 ). Individuals from Buen Pastor were on average older than those in Pampas (P ‫ס‬ 0.001) and Quilcas (P < 0.017). The highest levels of education above elementary school were found in Pampas (P < 0.01), although children less than five years of age were included in the "no education" category. Crowding levels varied among study sites. The average number of people per room in Quilcas households was significantly lower than in Buen Pastor (P ‫ס‬ 0.004) and San Carlos (P < 0.001), but higher than in Pampas (P ‫ס‬ 0.010). Pampas recorded higher rates of BCG immunization (Table 2) , compared with all other sites (75% versus 52−60%; P < 0.001 in all cases). Pampas and San Carlos recorded higher numbers of contacts with cases of active tuberculosis (10% in Pampas, 11% in San Carlos versus 1−5% in other sites; P < 0.001 to P ‫ס‬ 0.040). Vichaycocha had the lowest rates of contact with active cases among all sites (1%; P ‫ס‬ 0.041 to P < 0.001). Finally, the crude rates of TST positivity were significantly lower (P < 0.001) in both high altitude sites (6.8% and 5.7%) compared with the jungle sites (33.0% and 30.9%) and Pampas (24.8%).
The TST-positive rates in Pampas were statistically lower than in Buen Pastor (P ‫ס‬ 0.017).
Risk factors and associations of TST positivity. The adjusted ORs for risk factors associated with TST positivity from multiple regression models for each site are shown in Table 3 . Results from variables not significant in the multiple regression models such as sex, nutritional status (body mass index), household crowding, and household characteristics are not presented. The prevalence of TST positivity in the sea level population (Pampas, San Carlos, and Buen Pastor) increased progressively with age until approximately 40−49 years of age, after which it showed a slight and non-significant decrease in subjects more than 50 years old ( Figure 2 ). In high altitude villages, the prevalence of TST positivity peaked at an earlier age (30−39 years) and later again at more than 50 years of age. The TST positivity increased significantly with higher education in Quilcas and Pampas, most likely due to age-related residual confounding. When children not yet attending school were excluded from the analysis, the association between education and TST risk became non-significant. The BCG vaccination and contact with active tuberculosis cases were significantly associated with increased TST risk in Pampas. Prolonged coughing was associated with higher TST risk in Quilcas. In all sites studied, the same association between the above risk factors and TST positivity was observed, although sometimes failing to reach statistical significance ( Table 3) .
High altitude villages, risk for TST positivity and TST reaction size. After adjusting for age, education, BCG immuni-zation, prolonged coughing, contact with active TB cases, and household clustering, all three sea level sites showed a significantly higher risk for positive TST result. In Pampas, the relative risk of infection was 4.5 times (95% confidence interval [CI] ‫ס‬ 2.9−7.0) that of Quilcas. The relative risk was 5.7 times (95% CI ‫ס‬ 3.3−10.0) that in Buen Pastor and 6.0 times (95% CI ‫ס‬ 3.3-10.9) that in San Carlos compared with Quilcas ( Table 4 ). The mean TST reaction size was larger in all three sea level sites compared with Quilcas by approximately 4.1−4.8 mm (P < 0.001), as estimated by a multiple random effects linear regression model adjusting for the same risk factors (Table 4) .
High altitude villages and household clustering in TST risk. Significant levels of household clustering in TST positivity, as measured by the higher OR of TST positivity due to presence of another TST-positive household member, were observed in Quilcas (OR ‫ס‬ 3.7, P ‫ס‬ 0.005, Table 4 ), Pampas (OR ‫ס‬ 2.1, P < 0.001), and Buen Pastor (OR ‫ס‬ 2.8, P ‫ס‬ 0.040). Non-significant clustering levels were found in San Carlos. The household clustering OR was only significantly different between Quilcas and San Carlos (P ‫ס‬ 0.022). The proportion of the variance of TST positivity explained by household clustering was higher in Quilcas (61%) than in Pampas (41%). Family clustering did not explain a significant proportion of the variance for TST positivity in the jungle sites.
DISCUSSION
In this study, the TST-positive prevalence rates in two poor high altitude villages in Peru were found to be significantly lower than those found in three different but similarly poor sea level communities. These differences remained statistically significant even after adjusting for risk factors known to be associated with tuberculosis, such as contact with persons with active tuberculosis, household crowding, and education status. Ventilation, which is protective against tuberculosis transmission, was best in the jungle where TST-positive rates were highest. The low prevalence of tuberculosis infection in these highland village populations is not likely to be explained by racial or genetic differences between the study sites since the majority of the population of Peruvian shantytown in Lima is made up of recent immigrants from the Peruvian Andes. 17 Furthermore, in high altitude villages, TST-positive prevalence remained relatively low until late in adolescence, before increasing sharply to almost double the level in children. In contrast, TST positivity in low altitude regions increases progressively starting at five years of age, and continues to increase throughout adulthood. Finally, household clustering of TST positivity was found to be higher in the high altitude villages than in the sea level communities studied. While historical evidence has suggested an association between high altitude and decreased tuberculosis risk, no studies have addressed this hypothesis in a systematic and comprehensive way. Our findings support previous observations of a lower prevalence of tuberculosis infection in high altitude villages. 9 In our study, sea level areas located in two very different geographic environments (coast and Amazon basin jungle) were compared with two high altitude villages also from separate areas. Despite their differences in setting and transmission dynamics, the TST-positive prevalence rates determined at the two high altitude villages were almost identical and also significantly lower than those of the three sea level sites, which conversely had highly comparable TST posi-tivity rates. In spite of the historical consideration that tuberculosis is a disease of crowded urban areas, the crude TSTpositive prevalence in jungle villages is actually higher than in our Lima shantytown. The reason for the high rates in the jungle population is not clear. The proximity to urban centers was similar in both the low and high altitude rural villages, yet Quilcas had a low TST-positive prevalence rate in contrast to the high rate in the jungle population.
The protection effect afforded by high altitude appears to be relative. Crowding, exposure to increased tuberculosis carriers, and increased travel appear to be able to overcome this protective effect. Preliminary data from a high altitude shantytown of Cusco, located at an altitude of 3,240 meters, has demonstrated TST-positive prevalence rates similar to those found in sea level populations and three times higher than the rural high altitude villages tested in this survey. (Saito M, Gilman RH, unpublished data). The direct affect of increased contact with known patients with active tuberculosis is accounted for statistically in this study, but this might not account for an increased risk of acquiring tuberculosis from travelers, visitors, or other transient and unknown contacts. The data showing that residence clustering of TST positivity is greater in high altitude village is also consistent with the idea that outsider contact might be driving tuberculosis infection in lowland communities. 18 There are several potential mechanisms by which a single environmental factor, high altitude, may affect M. tuberculosis transmission. First, M. tuberculosis grows in vitro at a slower rate at lower oxygen tensions, which may also be true in vivo. 19 Second, UV light has been shown to increase the death of microorganisms, including M. tuberculosis. 20, 21 Ultraviolet light is increased at high altitude. This effect may result in a stronger germicidal effect than that which occurs at sea level. 22 However, this is less likely to be a factor since UV rays do not reach inside houses, where most transmission is likely to occur. Third, studies have suggested a link between humidity and the susceptibility of Mycobacterium to UV light. Ko and others recently found that UV resistance of Serratia marcescens and Mycobacterium bovis BCG increased dramatically in conditions of high relative humidity (Ն 85%). These investigators have postulated that high relative humid- ity may exercise its protective effect on Mycobacterium via attenuation of the UV beam, maintenance of the microorganism's water coat, or by increasing particle size through water absorption. 22 In environments of low relative humidity, bacterial susceptibility to UV radiation may be elevated, potentially leading to decreased viability of microorganisms, and therefore decreased rates of infection. 23 The above considerations suggest that high altitude environmental conditions may reduce tuberculosis transmission. However, further detailed studies are needed to determine which mechanism(s) are primarily responsible for the decreased transmission of tuberculosis in the highlands. However, our data strongly suggest that high altitude is associated with decreased tuberculosis transmission.
At low altitudes, in addition to having increased TSTpositive rates, the exposure of populations to tuberculosis seems to begin at an earlier age than in the high altitude villages. Age-stratified analyses showed that for any given age range, the levels of TST positivity are significantly lower in the high altitude villages, compared with the low altitude locations. In low altitude areas TST positivity rates begin to increase at a younger age (10−19 years of age) than at higher altitudes, where TST positivity rates remain relatively low and stable until adulthood (20−29 years of age). In the low altitude communities, the early increase in TST positivity is probably attributable to the increased level of social interaction that begins when children enter school. In high altitude villages, no large increase was observed in individuals less than 30 years old, suggesting low levels of tuberculosis transmission within these communities. Higher rates of TST positivity after 30 years of age are likely to be the result of increased travel to areas where the prevalence of tuberculosis transmission is high. Economic activities may expose inhabitants of the highlands to higher risk of tuberculosis transmission due to travel to or work in lower altitude communities.
There was a much higher number of individuals having contact with a known case of tuberculosis in a sea level shantytown than at any other location. The small number of individuals with contact with a known case of tuberculosis in both jungle and high altitude villages may explain the lack of a significant association for this variable. More difficult to explain is the effect high education had on increased TST rates. It is possible that families with higher education travel more and thus have increased exposure to non-family tuberculosis carriers.
Clustering analysis in Quilcas, Pampas, and Buen Pastor revealed differences in household aggregation of infection, implying that familial risk of infection may be higher in these low TST-positive prevalence areas than in high prevalence areas. Indeed, significant levels of intra-household clustering of infection were found in all sites, but were particularly strong in Quilcas. Household clustering of tuberculosis can arise from a common source of infection, similarities in behavior within the family, or intra-familial transmission. Evidence of higher clustering in high altitude villages suggests that familial risk of infection is increased in even low TST prevalence areas. Given the higher household clustering OR observed in high altitude villages, family-based screening and prophylaxis may offer a more effective prevention strategy in these areas as opposed to individual-targeted tuberculosis control measures. 18 This finding is particularly relevant because peri-urban in contrast to high altitude, rural villages, is influenced more by elements in the community than by household-levels factors. 24 This study has demonstrated that the protective effect in village populations of high altitude for tuberculosis transmission appears to be related to both their relative isolation and the protective effect of high altitude. The identification of high altitude villages as zones of increased household clustering of tuberculosis infection may help to develop more effective interventions in these areas. * OR ‫ס‬ odds ratio adjusted for age, education, Bacillus Calmette-Gué rin vaccination status, contact with active tuberculosis cases, and prolonged productive coughing; CI ‫ס‬ confidence interval.
† From two multiple random effects regression models pooling all sites data using Quilcas as the comparison group. The logistic regression for TST positivity was additionally adjusted for the presence of another TST-positive person in the household.
‡ P < 0.001. § From separated multiple random effects logistic regression models for each study site. The clustering odds ratio is calculated by adding to the model a variable representing the presence of another TST-positive individual living in the household.
¶ P < 0.01. # P < 0.05.
